INTRODUCTION
D-Xylose represents the main constituent monosaccharide of the plant heteropolysaccharide hemicellulose and is the most abundant pentose sugar in nature. Microorganisms have evolved metabolic routes incorporating xylose as a source of carbon and energy [1] . Ethanol would be a technologically useful end-product of microbial xylose metabolism because the predicted demand for it as a fuel is well matched with the availability of xylose through wastes from agriculture and forestry [1, 2] . Unfortunately, Saccharomyces cerevisiae, which has been optimized for sugar-toethanol fermentation for thousands of years, cannot utilize xylose. Heterologous expression in S. cerevisiae of a functional xylose pathway from another, xylose-fermenting yeast is promising to overcome these intrinsic physiological limitations [3] . However, a number of studies show clearly that the construction of an engineered S. cerevisiae strain with desirable fermentation capabilities requires that fluxes be improved at different points of the metabolic pathway [3, 4] .
In yeasts, XR (xylose reductase; EC 1.1.1.21) catalyses the first step of xylose assimilation by reducing xylose into xylitol with an NAD(P)H co-substrate. The exact NADPH versus NADH selectivity varies among XRs from different yeast species, but usually NADPH is very strongly preferred (>10-fold) [5] . Obviously, the utilization of NADPH or NADH tightly connects the XR-catalysed reaction to other fundamentally distinct parts of cellular metabolism. Catabolic reactions are normally linked to NAD + whereas anabolic reactions generally make use of NADP + cofactors. Since xylitol dehydrogenase, the immediate downstream enzyme of XR, exclusively requires NAD + to oxidize xylitol into xylulose, the two-step conversion of xylose into xylulose formally results in the production of NADH at the expense of NADPH. Regeneration of NAD + and NADPH must occur in separate metabolic processes and presents a major source of unwanted fermentation by-products [2] [3] [4] . Therefore the redox balance of the initial assimilatory steps for xylose is a relevant target for metabolic engineering. Changes in the selectivity of XR towards improved utilization of NADH are expected to end in a global cellular response with positive effects on ethanol yield and productivity [6, 7] .
CtXR (Candida tenuis XR) presents a structurally [5, 8] and functionally [9] [10] [11] [12] well-characterized molecular platform for examining the coenzyme specificity of XRs and evolutionarily related proteins of family 2 AKR (aldo-keto reductase). CtXR (AKR2B5) is a 322-amino-acid protein that folds into a (β/α) 8 barrel [8] , the prototypical structural scaffold of AKR superfamily members [13] . Unlike most other AKRs, which are active as monomers [9] , CtXR is a homodimer in solution [8] . Highresolution structures of CtXR bound to NADP + [8] and NAD + [5] have been reported. They reveal two different protein conformations capable of accommodating the presence and absence of the 2 -phosphate group of the co-substrate (Figure 1 ). Conformational rearrangements of Asn-276 and especially Glu-227 to make alternative and strong interactions with the 2 -and 3 -OH groups when the 2 -phosphate moiety is lacking seem to be mainly responsible for the observed dual co-substrate specificity of CtXR. The observed positional switches of Lys-274 and Ser-275 also have roles in the fine-tuning of co-substrate selectivity [5, 8] . Assays demonstrate that CtXR shows a strong preference for the utilization of NADPH [9] .
In the present study, we report site-directed mutagenesis experiments designed to change the coenzyme selectivity of XR towards improved usage of NADH. Obviously, this could be achieved by making NADH a better co-substrate of XR, or by decreasing the specificity for NADPH. The available structural information is conducive to an approach that aims at the replacement of interactions stabilizing the enzyme-NADP(H) complex. Herein, we describe the characterization of a series of purified CtXR point mutants through a full steady-state kinetic analysis of the enzymic reduction of xylose with NADPH and NADH. Standard free energy profiles constructed from the resulting kinetic parameters enabled a detailed interpretation of the kinetic consequences of each mutation at different points of the reaction co-ordinates with NADPH and NADH. A comprehensive comparison of wild-type and the mutants is thus presented. The mutant showing the greatest change in co-substrate selectivity, compared with that of the wildtype, was co-crystallized with NAD + , and the X-ray structure of the enzyme-NAD + complex was determined at 2.20 Å resolution.
EXPERIMENTAL

Materials
T4 polynucleotide kinase and Pfu DNA polymerase were from Promega. ATP, dNTPs and T4 DNA ligase were from MBI Fermentas (Flamborough, ON, Canada). The dye Procion Red H-8B (Red 31, M r = 877.25) was from ICI Chemicals (Manchester, U.K.). NADH (sodium salt; 97.5 % pure) and NADPH (sodium salt; 96 % pure) were obtained from Seppim (Sees, France) and Applichem (Darmstadt, Germany) respectively. All other chemicals were purchased from Sigma-Aldrich, Fluka (Gillingham, Dorset, U.K.) or Roth (Karlsruhe, Germany), and were of the highest purity available. Other materials were reported elsewhere [9] .
Site-directed mutagenesis
Site-directed mutagenesis was performed by a published inverse PCR method [14] with some modifications described below. The pET11-CtXR plasmid expression vector containing the structural gene of the wild-type enzyme [15] was used as template. It was prepared from Escherichia coli BL 21 (DE3) cells using Qiaprep Spin Miniprep Kit from Qiagen (Chatsworth, CA, U.S.A.). The oligonucleotide primers for PCR in the forward direction were designed to contain a silent mutation (whereby the relevant base is underlined), which introduced a single restriction site for BfaI and enabled efficient screening of mutants.
The primer 5 -GAGAGACTAGTCCAAAACAGA-3 was used to produce the N276D (Asn 276 → Asp), K274M, K274E, K274R, K274G and S275A mutants. The primer 5 -CCAGAGCATCTA-GTCCAAAACAGAAGTTTC-3 was employed to generate the R280H mutant (the mismatched bases for mutation and silent mutation are underlined).
PCR primers for the reverse direction were, with mismatched bases underlined: N276D, 5 -TGGGAGGTCAGACTTTGGAA-T-3 ; K274M, 5 -TGGGAGGTTAGACATTGGAAT-3 ; K274E,  5 -TGGGAGGTTAGACTCTGGAAT-3 ; K274R, 5 -TGGGAG-GTTAGACCTTGGAAT-3 ; K274G, 5 -TGGGAGGTTAGAC-CCTGGAAT-3 ; S275A, 5 -TGGGAGGTTAGCCTTTGGAA-T-3 ; R280H, 5 -GAGGTTAGACTTTGGAATGAC-3 ; K274R-N276D, 5 -TGGGAGGTCAGACCTTGGAAT-3 . For PCR, 7 pM of template DNA and 600 nM of phosphorylated oligonucleotide primers were incubated with 380 µM of each dNTP and 3 units of Pfu DNA polymerase in a 50 µl reaction mixture containing 5 µl of 10× reaction buffer (supplied by Promega) with the DNA polymerase. All amplifications were done using a Bio-Rad iCycler iQ TM . After an initial denaturation at 95
• C for 5 min, the samples were subjected to 25 cycles of denaturation (95
• C, 40 s), annealing (56 • C, 40 s) and extension (72 • C, 8 min). PCRs were completed with another 8 min of extension. The linear amplification products were purified on a 1 % agarose gel, extracted with QiaexII gel extraction kit and ligated with T4 DNA ligase overnight at 18
• C. Competent cells of E. coli BL 21 (DE3) were electrotransformed with the resulting plasmid vectors. Restriction site analysis of amplified inserts was performed using BfaI and verified that the desired silent mutation had been introduced. Plasmid miniprep DNA from positive clones was subjected to dideoxy sequencing of the entire CtXR gene.
Enzyme production, purification and structural characterization
Wild-type CtXR and mutants thereof were produced in cells of E. coli BL 21 (DE3) harbouring the respective pET11 expression vector. The culture conditions and methods of preparing the cell extract have been reported elsewhere [15] . All enzymes except K274E mutant were purified by biomimetic chromatography using Reactive Red 31 as the affinity ligand and with the reported conditions [9, 15] . Wild-type and K274M mutant were further purified using MonoQ anion-exchange chromatography according to the published methods [15] . A Hiprep 26/10 Desalting column (Amersham Biosciences) was used for buffer exchange after each purification step. Centricon Plus-20 centrifugal concentrator tubes (Amicon) were used for concentrating protein solutions to approx. 0.5-6 mg/ml. Protein was determined with bicinchoninic acid protein assay reagent kit (Pierce) referenced against BSA fraction 5. Wild-type and mutants were stored at − 20
• C. The K274E mutant was partially purified by anion-exchange chromatography using Sepharose Q fast flow (Amersham Biosciences). Crude extract (3 ml) containing 50 mg/ml protein was applied to a 30 ml column (15 cm × 1.6 cm) equilibrated with 20 mM Tris/HCl buffer (pH 7.0). The mutant was eluted using 20 mM Tris/HCl buffer (pH 7.0) containing 0.08 M NaCl. Fractions containing NAD(P)H-dependent XR activity were desalted, concentrated and stored as described above.
CD spectra of the wild-type and mutant enzymes were recorded at 20
• C using a Jasco J-715 spectropolarimeter. Data acquisition and analysis were done with Jasco software. The proteins were dissolved at a concentration of approx. 10 µM in 10 mM potassium phosphate buffer (pH 7.0). A cuvette with a light path of 0.1 cm was used for CD measurements, and spectra were recorded in the wavelength range 250-190 nm.
Steady-state assays
All absorbance measurements were performed on a Beckman Coulter DU 800 UV/Vis spectriphotometer. Fluorescence measurements were performed with a Hitachi F-4500 spectrofluorimeter. Both instruments were equipped with temperaturecontrolled cell holders. Unless stated otherwise, results were recorded at 25 + − 1
• C. Initial-rate data of NAD(P)H-dependent xylose reduction were acquired in 50 mM potassium phosphate buffer (pH 7.0), measuring the decrease in NAD(P)H absorbance at 340 nm (ε NAD(P)H = 6220 M −1 · cm −1 ). Enzyme concentrations in the assays were chosen such that the observed rates were in the range 0.001-0.1 A/min and constant for 1 min. Reactions were started by the addition of coenzyme. Appropriate controls containing the enzyme and NAD(P)H, or xylose and NAD(P)H, were recorded and verified that blank rates were not significant under all conditions used.
Steady-state enzyme binding to NADH was determined by a reported fluorescence titration assay [11] in which quenching of protein tryptophan fluorescence served as reporter of the binding event. Excitation and emission wavelengths were set at 285 and 335 nm respectively, with slit widths of 5 nm in each case. The enzyme concentrations used were in the range 5.0-10.0 µM.
Apparent kinetic parameters of NAD(P)H-dependent xylose reduction were obtained from initial-rate measurements under conditions in which one reactant was varied, typically at 12 different levels, over a concentration range of 5-10 times the apparent K m , and the other reactant was present at a constant and saturating concentration. They were used to define suitable conditions for a full kinetic study of each enzyme in which [xylose] was varied at six constant concentrations of NADH and NADPH. The concentrations of substrate and coenzyme ranged from 0.5 to 5 times the respective apparent K m value. The maximum concentrations of coenzyme and xylose were 300 µM and 1.5 M respectively.
Data processing
Results were fitted to eqns (1)-(5) using unweighted non-linear least-squares regression analysis with the Sigmaplot program version 7 (Jandel). Initial rates that were recorded under conditions in which a single substrate concentration was varied and that gave linear double-reciprocal plots were fitted to the expression:
where v is the initial rate, [E] the molar concentration of the enzyme subunit, [A] the substrate or coenzyme concentration, k cat the catalytic-centre activity and K A the apparent Michaelis constant. Eqn (2) describes an intersecting initial-rate pattern for a two substrate reaction where K iA is the apparent dissociation constant of the substrate binding first, i.e. NADH or NADPH:
In eqn (2), [A] and [B] stand for coenzyme and xylose concentrations respectively and K mA and K mB are the corresponding Michaelis constants for A and B respectively.
Eqns (3) and (4) describe a binding isotherm for the highaffinity case in which a significant portion of the total concentration of each binding partner, enzyme and NADH, is tied in the binary complex at equilibrium:
Data from fluorescence titration were fitted to eqns (3) and (4) where F is the difference in fluorescence intensity of the enzyme solution before and after the addition of coenzyme, corrected for the change in total volume. 
Eqn (5) describes linear competitive inhibition
where [I] is the inhibitor concentration and K i the inhibitor binding constant.
Crystallization of K274R-N276D mutant bound to NAD
+ and data collection
The mutant protein was crystallized by setting up hanging-drop vapour diffusion experiments using purified protein at 15 mg/ml in a 20 mM Tris/HCl buffer (pH 7.0). The best crystals were obtained by suspending a drop of 7.5 mg/ml protein, 2.5 mM NAD + , 0.95 M (NH 4 ) 2 SO 4 , 112.5 mM sodium acetate and 50 mM sodium citrate (pH 6.4), over a well solution containing 1.9 M (NH 4 ) 2 SO 4 , 225 mM sodium acetate and 100 mM sodium citrate (pH 6.4). A single crystal measuring approx. 1.0 mm × 0.2 mm × 0.1 mm appeared after approx. 2 weeks. Our attempts to obtain crystals of the double-mutant bound to NADP + suitable for high-resolution structural analysis were not successful, apparently due to the instability of NADP + . The crystals were flash-cooled in a nitrogen stream (100 K) using 75 % (v/v) well solution containing 4 mM NAD + and 25 % (v/v) ethylene glycol. Results were collected using an R-AXIS IV imaging plate detector. The program DENZO was employed to determine lattice constants a = 180.74 Å, b = 128.19 Å, c = 79.67 Å and β = 90.43
• for the double mutant crystallized in the presence of NAD + . Systematic absorbances indicated that the space group was C2, similar to wild-type enzyme bound to NAD + [5] . DENZO and SCALEPACK were used for the integration and scaling the dataset [16] .
Structure determination and refinement
Structure determinations used the wild-type model which crystallized isomorphously. As a starting model, the wild-type XR in complex with NAD + with water molecules removed was used (PDB accession number 1MI3). Before starting the refinement, 4476 reflections (4.9 %) were flagged to calculate the free R factor of the K274R-N276D mutant. The model was constructed using iterations of the program CNS [17] and manual refitting in O [18] . The water molecules were picked automatically by CNS and checked for electron density and hydrogen bonding manually. R.M.S.D. values were calculated with the program LSQKAB which is implemented in the CCP4 suite of programs.
RESULTS
Expression and purification of mutants
Recombinant wild-type CtXR and the seven mutants thereof were produced under identical culture conditions, as described in the Experimental section. In each case, analysis by SDS/PAGE of the induced E. coli cell extract showed a strong protein band migrating at the expected position of approx. 35 kDa (results not shown). Wild-type and all mutants, except for K274E, could be purified very efficiently using Red 31 pseudo-affinity chromatography. Elution profiles of wild-type and mutant enzymes were superimposable, indicating that interactions with the biomimetic dye ligand were not changed significantly as a result of the mutations. If required, MonoQ chromatography was employed as the final polishing step. Figure 2 demonstrates the apparent electrophoretic homogeneity of the isolated enzymes. Far-UV CD spectra of wild-type CtXR and the mutants were almost superimposable (results not shown), suggesting that the relative content of α-helical and β-sheet secondary structures in the wild-type had not been changed as a result of the individual point mutations.
The K274E mutant differed from the other mutants because it did not bind to the Red 31 dye column. Using Sepharose Q chromatography we obtained a protein preparation which, according to semi-quantitative densitometric analysis of a Coomassiestained SDS gel, was 80 % pure ( Figure 2 ). Since the apparent catalytic-centre activity of a thus purified K274E mutant was close to three orders of magnitude below the wild-type level, additional purification of K274E was not pursued. Analysis by CD spectroscopy did not reveal significant differences between wild-type and K274E mutant, indicating retention of native-like secondary structure in the mutant. In an effort to explain the low binding affinity of K274E mutant during dye ligand chromatography, we studied the inhibition by soluble Red 31 on the enzyme activities of the wild-type and the mutant. Initial-rate data were obtained at different inhibitor concentrations (wild-type, 30 nM-2.7 µM; K274E, 3-100 µM) under conditions in which [NADPH] or [NADH] was varied and [xylose] was constant at 500 mM. In wild-type CtXR, the dye acted as a potent competitive inhibitor against NADPH and NADH, and a fit of the data to eqn (5) yielded a K i value of 90 nM. Binding of Red 31 is thus approx. 11-and 211-fold tighter than binding of NADPH and NADH respectively (see Table 1 ). Inhibition of K274E mutant by Red 31 was very strongly decreased to a K i of approx. 120 µM. Since saturation in NADPH or NADH could not be achieved with this mutant (see below), the K i value was obtained from the part of the MichaelisMenten curve where a linear relationship prevails between the catalytic rate and the coenzyme concentration. The analysis was performed with the assumption that, similar to the wild-type, Red 31 acts as a competitive inhibitor against the coenzyme. Although interesting, a further characterization of the interaction of soluble Red 31 with the co-substrate sites of wild-type CtXR and mutants thereof was considered to be out of the scope of this paper.
Steady-state kinetic analysis
Initial-rate data for the enzymic reduction of xylose by NADH and NADPH were recorded with the wild-type enzyme and each of the seven point mutants. Except for K274E, for which apparent kinetic parameters were determined, all enzymes were characterized through a full kinetic investigation for xylose reduction at the steady state. Data were fitted to eqn (2) and results are summarized in Table 1 . The expression k cat /(K iA K mB ) and the data in Table 1 were used to calculate catalytic efficiencies for the enzymic xylose reduction with NADH or NADPH ( Table 2) . Comparison of wild-type and mutant catalytic rates on the basis of specificity constants for the bi-substrate reaction is useful to reveal changes in the activation free energy caused by the mutations. The NADPH-linked catalytic efficiencies of the mutants were decreased between 3-and 451-fold, compared with the wild-type value. Replacement of Lys-274 had the largest effect on making the enzymic reaction with NADPH less efficient than the wild-type reaction. In marked contrast, the specificity constant for the NADH-dependent reaction was only modestly affected by different mutations of Lys-274. Notably, K274R, R280H and K274R-N276D mutants displayed NADH-linked catalytic efficiencies that were similar to or even higher than the k cat /(K iA K mB ) value of the wild-type.
The selectivity of each enzyme for reactions with NADPH and NADH (R sel ) is given by the ratio of specificity constants, Table 2 ). In the wildtype, R sel = 33, emphasizing a large selectivity for NADPHdependent reduction of xylose. All mutants showed a significantly smaller value of R sel compared with the wild-type, indicating an increased NADH selectivity as a result of the mutations. K274R and K274R-N276D mutants preferred NADH (R sel < 1)!
Effects of the mutation K274E
We observed a decrease by factors of 9219 and 2176 in the apparent catalytic efficiencies (k cat /K mA ) of the K274E mutant for reaction with NADPH and NADH respectively, compared with the same catalytic rates of the wild-type. These results are in line with the evidence gained from Red 31 binding studies and indicate that the mutation has a very strong disruptive effect on the interactions of CtXR with both co-substrates. In the mechanism of CtXR [11] , the parameter k cat /K mA is a measure of the on-rate of the coenzyme. Properties of the K274E mutant serve to emphasize the important role of Lys-274 in determining CtXR coenzyme specificity (see the Discussion section). However, the altered k cat value makes it clear that replacing Lys-274 with Glu will not yield a useful enzyme.
Catalytic reaction profile analysis
Kinetic consequences of the mutations, summarized in Table 1 , reflect perturbations in ground-and transition-state binding energies for NADPH-and NADH-dependent reductions of xylose catalysed by the mutants, relative to the corresponding catalytic reaction profiles of the wild-type. Using the data in Table 1 , eqns (5) and (6) were employed to calculate differential binding energies at levels of respectively, the ground-state complex of enzyme and NAD(P)H and the transition state of the reaction catalysed by the wild-type (WT) and a mutant (Mut). Results are shown in Table 2 :
where G b and G# are differential ground-and transitionstate binding energies respectively, R is the gas constant and T the temperature in Kelvin. G b and G# values were between 2 and 13 kJ/mol greater for reactions with NADPH than NADH ( Figure 3B ).
X-ray structure of K274R-N276D mutant bound to NAD
+
The double mutant was chosen for structural analysis because it showed the best improvement of the R sel value among the series of CtXR mutants investigated. In the context of engineering CtXR towards improved selectivity for NADH, this mutant was thus of greatest interest. The statistics for the final structure of the CtXR double-mutant holoenzyme are shown in Table 3 . The mutant folds into a (β/α) 8 barrel as seen in wild-type CtXR [8] . The asymmetric unit contains two dimers, related by 2-fold non-crystallographic symmetry and each of them showing clear electron density for the cofactor NAD + . Each monomer consists of the residues 4-322 out of 322 predicted from the sequence data. In addition, 793 water molecules were found in the asymmetric unit. By comparison, the 2.2 and 1.8 Å structures of wild-type CtXR bound to NADP + and NAD + contained 734 and 873 water molecules respectively [5, 8] . A Ramachandran plot was generated using the program PROCHECK [19] , which showed that 91.3 % of the residues are in the most favoured regions, 8.6 % are in additional allowed regions and 0.1 % in generously allowed regions. The The conformation of Asp-276 in the mutant is approximately the same as that of Asn-276 in the wild-type enzyme. More obvious in the electron density map is the changed conformation of Arg-274 in the mutant, as shown in Figure 4 (A). Arg-274 seems to have some conformational flexibility, because the orientation of this residue is slightly different in all of the four monomers ( Figure 4B ). The unbiased electron density for Arg-274 in monomer B is best defined and is shown in Figure 4(C) . The arginine residue does not form any direct interaction with NADH, but is linked with Gln-34 through hydrogen bonding with a water molecule. These interactions are not present in the wild-type enzyme bound to NAD + . In addition, a slight shift of Glu-227, which forms hydrogen bonds with both 2 -and 3 -adenosine ribose hydroxyls, could be observed in the mutant in comparison with the wild-type protein. The side chain in this residue moved approx. 0.7 Å. The position of Arg-280, which forms a hydrogen bond with the 2 -adenosine ribose hydroxyl, remains unchanged. Also, the mutations do not influence the conformation of the main chain in the adenosine-binding region relative to the wild-type enzyme. The interactions of the double mutant with the adenosine moiety of NAD + are shown in Figure 4 (D).
DISCUSSION
X-ray structures of CtXR bound to NADP + and NAD + have revealed a novel variation on a theme of dehydrogenase co-substrate specificity [5, 8] . The contacts made with the adenosine ribose 2 -and 3 -OH groups in the CtXR-NAD + complex resemble the interactions seen in holoenzyme structures of Rossmanfold type [20] [21] [22] [23] [24] [25] [26] [27] and other dehydrogenases [28, 29] that are specific for NAD + . Strong hydrogen bonds mediated by carboxylate side chains of aspartate or glutamate provide both affinity for NAD + and selectivity against NADP + . The dual-specificity enzymes accommodate the 2 -phosphate group by undergoing conformational rearrangements, allowing alternative contacts with the NADP + cofactor to be made. In the present study, we have used site-directed mutagenesis, steady-state kinetic analysis and X-ray crystallography to assess interactions responsible for the 33-fold NADPH versus NADH selectivity of wild-type CtXR. The network of contacts between Glu-227, Lys-274 and the cofactor 2 -phosphate group in the CtXR-NADP + complex appears to be the key. Arg-280, Asn-276 and Ser-275 contribute to further fine-tuning of selectivity.
Interpretation of kinetic consequences of the mutationsa
Mutation of Ser-275 to alanine caused a 5-fold decrease in the wild-type ratio of K iA (NADPH) and K iA (NADH). In CtXR-NADP + , the side chain of Ser-275 donates a hydrogen for bonding with the 2 -phosphate group ( Figure 1A) . Since counterpart interactions at position 275 are lacking completely in CtXR-NAD + , the removal of Ser-OH-mediated contacts in the S275A mutant was expected to bring about a more substantial change in K iA ratio than the one observed. Interestingly, therefore, the S275A mutant showed a 4-fold increase and a 5-fold decrease in the wild-type value of K iA (NADH) and the NADH-linked catalytic efficiency respectively.
Replacement of Arg-280 by a histidine brought about an 8-fold decrease in the wild-type value of R sel . This result is consistent with the structural evidence [5, 8] (see Figure 1) , showing that hydrogen-bonding interactions between the side chain of Arg-280 and the adenosine ribose 2 position should be stronger in CtXR-NADP + than in CtXR-NAD + . Removal of contacts mediated by the guanidinium group of Arg-280 in the R280H mutant is thus expected to have a stronger effect on the enzymic reaction with NADPH. Interestingly, the NADH-linked catalytic efficiency was 3-fold higher in the mutant compared with that in the wild-type. It seems therefore that cation-π interactions between the purine ring of the adenosine and the guanidinium group of Arg-280 in the wild-type are compensated fully by aromatic stacking interactions of the same cofactor moiety with the imidazole side chain of histidine in the R280H mutant. Arg-280 of CtXR is positionally conserved across many AKR families. However, some members of families AKR9 and AKR12 [30] (which are enzymically active oxidoreductases) possess a histidine in place of Arg-280, indicating that an Arg → His substitution is fully compatible with AKR function. Stacking interactions involving the purine ring of the adenosine and aromatic amino acid side chains have been identified in several other NAD(P)
+ -dependent dehydrogenases [31, 32] .
Mutation of Asn-276 into Asp weakened apparent binding of NADPH approx. 20-fold. This result was not predictable because in wild-type CtXR the main chain NH group of Asn-276 hydrogen-bonds with the 2 -phosphate, whereas the side chain of the asparagine does not show interactions with NADP ( Figure 1A ). Both the value of K iA (NADH) and the NADH-linked catalytic efficiency were only moderately ( 3-fold) affected by the replacement of Asn-276, indicating a selective destabilization of the reaction with NADPH in the mutant.
The role of Lys-274 has been explored using different mutations. The replacement with a nearly isosteric methionine caused a small change in the wild-type value of R sel by approx. 5-fold. Irrespective of the co-substrate used, the K iA value was strongly increased and the catalytic efficiency was decreased, compared with the wild-type. The side chain of methionine cannot form a salt-link with the 2 -phosphate, as does the ε-NH 3 + group of lysine in CtXR-NADP + ( Figure 1A ). In addition to the hydrogen bonding with the 2 -phosphate, the lysine side chain provides chargecharge interactions serving to position the carboxylate group of Glu-227 [8] . The weak binding of NADH and the poor efficiency of K274M for reaction with NADH suggest that orientation of the methionine side chain towards bulk water, as observed for the original lysine side chain [5] , is disfavoured as well.
Mutation of Lys-274 into glycine resulted in a 20-fold change in R sel value towards improved utilization of NADH. This observation probably reflects a selective removal of interactions stabilizing steps of the enzymic reaction with NADPH catalysed by the K274G mutant (cf. Figure 1A) . However, the NADH-linked catalytic efficiency of the mutant was only 5 % of that of the wildtype, indicating that a substantial destabilization of the original transition state of the reaction with NADH occurred as a result of the mutation.
Structure-based interpretation of coenzyme selectivities of K274R and K274R-N276D double mutant
The K274R mutant showed interesting properties. The K iA values for NADH and NADPH were very similar, and apparent binding of NADH was not changed compared with the wild-type. The value of R sel for K274R was 0.67, which reflects a 49-fold decrease in wild-type coenzyme selectivity as a result of the mutation. The original NADH-linked catalytic efficiency was increased 9-fold in the mutant. Very recently, an XR from Candida parapsilosis which prefers NADH to NADPH was shown to possess an arginine at a position equivalent to Lys-274 in CtXR [33] . Therefore this emphasizes a possible relevance of the Lys-274 → Arg replacement in the physiology of yeast XRs. In the double-mutant K274R-N276D, R sel was further decreased to a value of 0.2, indicating a 5-fold preference of the mutant for reaction with NADH. The value of K iA (NADPH) for the mutant was increased 64-fold compared with the wild-type value, consistent with a strong discrimination against the binding of NADPH by the mutant. The double mutant retained the catalytic efficiency of the wild-type for the NADH-dependent reaction.
The crystal structure of the double mutant bound to NAD + is of limited utility to explain changes in catalytic efficiency caused by the mutations. However, it is conducive to a comparative interpretation of K iA values for wild-type and the double mutant. Replacement of Lys-274 by arginine appears to affect apparent binding of the co-substrate in two different ways: (i) the water-mediated contacts between Arg-274 and Gln-34 seen in the structure of K274R-N276D could provide significant extra stability to the mutant complex with NAD + , relative to the corresponding wildtype complex; (ii) probably because of increased steric demand, positioning of the side chain of Arg-274 in the mutant-NADP + complex will perturb the interactions among Glu-227, Lys-274 and the 2 -phosphate, which stabilize wild-type holoenzyme bound to NADP + (Figure 1 ).
Comparison with other AKR members
Other authors have used chemical modification and site-directed mutagenesis of selected amino acid side chains [34] [35] [36] [37] [38] [39] [40] [41] to explore contacts mediated by the cofactor 2 -phosphate group and quantify their contributions to catalytic efficiency in AKR-catalysed reactions. Lysine and arginine residues, which according to their positions in sequence and three-dimensional structure should be the exact counterparts of Lys-274 and Arg-280 in CtXR, have been examined individually in different members of the family 1 AKRs [36, [38] [39] [40] [41] [42] . The two residues are important, but clearly not the sole determinants of co-substrate selectivity in family 1 AKRs, which generally show a very strong preference for NADPH. An interesting and unexpected observation made by Flynn and co-workers [43] was that C-terminal truncation of mammalian aldehyde reductase (AKR1A1) conferred a large NADH specificity. The R sel value for Corynebacterium 2,5-DKG (2, 5-diketogluconate reductase; AKR5C) has been changed from 57 000 in the wild-type to 104 in the fittest enzyme variant using four mutations selected in an extensive program of co-substrate specificity engineering [35] . However, this quadruple mutant (F22Y/K232G/R238H/A272G) still preferred NADPH approx. 100-fold to NADH, and only bound NADH weakly {K iA (NADH) = 0.66 mM [35] }. In an earlier report [34] , Banta et al. described K232G and R238H single-site mutants of 2,5-DKG. The observable changes in steady-state kinetic parameters due to the Arg → His substitution are fully consistent for CtXR and 2, 5-DKG [34] , indicating a true structural equivalence of this arginine in both enzymes. A recent structure of the 2,5-DKG quadruple mutant in complex with NADH confirms the occurrence of stacking interactions between the introduced His side chain with the adenine ring of the cofactor [44] . In contrast, the kinetic consequences of the replacement Lys → Gly were completely different in CtXR and 2,5-DKG, supporting the concept [5] that AKRmediated contacts with the 2 -phosphate group of the co-substrate are not uniform and contain a family-specific component of diversity. The 2.1 Å structure of 2,5-DKG bound to NADP + [45] shows that Arg-235 is brought into a position similar to that taken by Glu-227 in CtXR-NADP + .
Conclusions
This is a unique example of a near reversal by site-directed mutagenesis of wild-type coenzyme selectivity in an AKR with full retention of the original catalytic efficiency for substrate reduction. There is an obvious potential for application of our findings in biotechnology. First of all, a highly NADH-selective XR is a very interesting component of an engineered xylose-to-ethanol pathway in S. cerevisiae that has been optimized for fluxional efficiency and product yield. Clearly, the elimination of redox imbalances created during xylose assimilation would be important. A second application of family 2 AKRs and other families is biocatalytic organic synthesis in which the stereospecific reduction of a carbonyl-containing substrate is the key step [46] . Yeast carbonyl reductases show stereochemical selectivities and substrate profiles that complement the repertoire of well-known alcohol dehydrogenases [47] . The current platform of microbial AKR biocatalysts contains reductases that are specific for NADPH or strongly prefer it to NADH. The specificity engineering described may have broad applicability because NADH is 10-fold cheaper and 10-to 20-fold more stable [48] than NADPH. 
